Introduction
When two differentiated populations or species come into contact, the evolutionary outcomes are highly variable and include the complete breakdown of reproductive barriers followed by the extinction of one or more taxa, the reinforcement and evolution of even stronger reproductive isolation (RI) between the parental taxa, the transfer of functionally important variants between divergent populations, and occasionally even hybrid speciation (Coyne & Orr 2004 ; The Heliconius Genome Consortium 2012; Hamilton & Miller 2015) . Understanding the mechanisms that facilitate the maintenance of RI and trait differences in such contact zones is an important goal of molecular ecology and evolutionary biology (Coyne & Orr 2004; Arnold 2006) . Genomic studies of hybrid zones have contributed greatly to our understanding of these mechanisms (Rieseberg et al. 1999; Whibley et al. 2006; Nolte et al. 2009; Teeter et al. 2010; Gompert et al. 2012; Abbott et al. 2013) and have recently experienced a remarkable renaissance, triggered in part by rapid advances in genomic technologies (e.g. The Heliconius Genome Consortium 2012; Ellegren 2014), the advancement of mathematical and verbal models for understanding barriers to gene flow (Barton& De Cara 2009; Feder et al. 2012; Uecker et al. 2015) , and the development of novel analytical tools for studies of genome admixture (e.g. Price et al. 2009; Wegmann et al. 2011; Gompert & Buerkle 2013) . Beyond biology, hybridization and introgression have recently attracted broad public interest because of the ongoing debate regarding social and genetic interactions among Neanderthals and modern humans (Racimo et al. 2015 ).
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Considering that hybrid zones were first suggested as 'natural labs' for ecology, evolutionary and conservation biology already 30 years ago (Barton & Hewitt 1985; Hewitt 1988) , astonishingly little is known about genomic patterns of ancestry along the chromosomes of animals and plants in contact zones (reviews by Feder et al. 2012; Ellegren 2014; Seehausen et al. 2014 ). The few available examples, reviewed by Gompert & Buerkle (2013) , include dog-like canids (vonHoldt et al. 2011 ) and hominids (Racimo et al. 2015) . More information on patterns of ancestry along admixture gradients would be highly desirable, because these patterns reveal the recent demographic and selective forces at play in such contact zones. As a direct result of genetic recombination, which will effectively re-shuffle the participating genomes in each generation, the mosaic of ancestries along hybrid chromosomes is particularly informative about (1) the demographic history of contact zones (Buerkle & Rieseberg 2008) , (2) the strength of the barrier to gene flow (Coyne & Orr 2004; Barton & Hewitt 1985) , and (3) the ecological impact (Whitham et al. 2006 ) and evolutionary outcomes (Abbott et al. 2013 ) of matings and admixture between highly divergent populations.
Ideally, such studies of genomic ancestry in hybrids are combined with analyses of genomic differentiation between the parental populations, because these two sources of information cover complementary evolutionary time scales Lindtke et al. 2012; Gompert et al. 2012) . This is especially relevant in organisms with a strong a priori hypothesis for past isolation-introgression cycles, such as Eurasian forest trees (Petit & Hampe 2006; Tzedakis et al. 2013 ).
Here, we studied patterns of ancestry in interspecific hybrid zones in the 'model forest tree' genus Populus (poplars, aspen, cottonwoods) . This genus includes several pairs or groups of ecologically and economically important taxa with incomplete species barriers, i.e. taxa with 'porous' reproductive barriers (Martinsen et al. 2001; Lexer et al.2010; Geraldes et al. 2014) . The Eurasian species complex of white poplars and aspens includes the wide-spread taxa Populus alba (White poplar) and P. tremula (European aspen) and represents a prime example for a group that would benefit greatly from knowledge of genetic ancestries in contact zones. The extensive 'mosaic' hybrid zones present in these forest foundation species contains a wealth of heritable phenotypic (e.g. morphological and chemical) variation (Lexer et al. 2009; Lindtke et al. 2013; Caseys et al. 2015) , some of which is expected to affect entire associated communities of co-evolving herbivores and pathogens (Whitham et al. 2006; Bernhardsson et al. 2013; Caseys et al. 2015) .
Low-resolution molecular ecology studies of these hybridizing species suggested a recombinant nature for genetically intermediate genotypes present in extensive, patchily distributed mosaic hybrid zones (Lexer et al. 2005; Lindtke et al. 2012) .
Further evidence for successful recombination and introgression came from population pair-wise genome scans (Lindtke et al. 2012; Stölting et al. 2013) , and from molecular genetic analysis of experimental hybrids (Macaya-Sanz et al. 2011) . Recent results from genotyping-by-sequencing (GBS) of trees from one hybrid zone locality, however, have cast doubts on the genomic make-up of hybrids from the genomic cline centre of these hybrid zones (Lindtke et al. 2014) . That recent study focused on estimating genetic ancestries in open pollinated hybrid progeny, but it nevertheless also included 40 mature, genetically intermediate 'hybrid references' also studied here. Most (37) of these turned out to be F 1 hybrids based on GBS data (Lindtke et al. 2014) , although previous microsatellite studies had suggested they were recombinants (Lindtke et al. 2012 ). Thus, these hybrid zones between two ecologically important tree species may serve as an illustrative example for some of the challenges encountered by present-day students of hybrid zones.
Here, we employ phased high density genetic marker data from Restriction site Associated DNA (RAD) sequencing to resolve some of the puzzles surrounding the genomic make-up and evolutionary dynamics of these poplar hybrid zones. We use our data to obtain novel insights into the genomic composition and fine-scale chromosomal ancestries ('local ancestries') of hybrids from three contact zones of these ecologically divergent species at a depth and level of precision rarely achieved in plant evolutionary genetics thus far. To make this possible, we adopt a modified approach previously used to study local ancestries in hominids (Price et al. 2009; Wegmann et al. 2011) . We complement our analysis of local ancestry in hybrids by examining fine-scale patterns of genomic differentiation between the parental species, which may capture possible older gene flow episodes, and the effects of genetic ancestries on early fitness (survivorship) of hybrid seedlings in a common garden trial. In particular, we address the following specific questions:
What are the relative proportions of F 1 , early backcross, and later generation hybrids in three contact zone localities of these ecologically divergent forest trees?
(2) Based on genomic patterns of differentiation between the parental species, are there any indications for older admixture episodes?
(3) Can survivorship differences in a common garden trial explain the preponderance of F 1 genotypes found in natural populations?
Methods

Sampling design
This study was focused on two widespread European forest tree species, P. alba and P.
tremula, and their hybrids (P. × canescens). These taxa were sampled in three natural mosaic hybrid zones Lindtke et al. 2012) coordinates are sampling mid points). In these three mosaic hybrid zone localities, P. alba and P. × canescens grow side by side in riverine lowland forest, while P. tremula grows on elevated sites along the river and in the surrounding hills. A total of 256 distinct individuals of these species and hybrids at their mature (reproductive) life stage, previously characterized with microsatellite markers (van Loo et al. 2008; Lexer et al. 2010; Lindtke et al., 2012) , were genotyped with RAD-seq in the present study.
RAD sequencing and bioinformatic data processing
DNA was extracted from silica-dried leaves with the Dneasy Plant Mini kit (Qiagen) following the manufacturer's instructions to obtain at least 1 ug of genomic DNA. RAD libraries were prepared following the protocol of Amores et al. (2011) using the restriction endonuclease PstI (New England Biolabs). This methylation-sensitive enzyme was selected based on a previous pilot study of these hybridizing species (Stölting et al. 2013) . Eleven single-end libraries of maximum 24 individuals each barcoded with a set of unique tags comprising five to eight base pairs and differing by at least three nucleotides were sequenced on Illumina HiSeq 2000 devices.
After sequencing, reads were trimmed to 90 bases and individual barcode tags were removed with Stacks . Twelve individuals with less than 2
Mio reads were removed from the dataset. Reads not containing the expected RAD restriction site and library adapters were detected with BLASTN (Altschul et al. 1997) and excluded from subsequent steps.
We used the Populus trichocarpa genome assembly v2.1
(http://www.phytozome.net/poplar) for reference-mapping, which is justified by high levels of macrosynteny among different poplar species and sections indicated by genetic mapping studies (Macaya-Sanz et al. 2011; Wang et al. 2011; 2n=38 chromosomes throughout the genus), but we note that little information is currently available on microsynteny in poplars. Bowtie 2.1.0 (Langmead & Salzberg 2012 ) was used in the local alignment mode to map reads to the reference genome. The local This article is protected by copyright. All rights reserved.
mode allows some characters to be omitted ("soft clipped") from the ends of the alignment in order to achieve the greatest possible alignment score. SAMtools 0.1.18 (Li et al. 2009) Different missing data thresholds were applied in our study, depending on the particular needs of each analytical method. The amounts of missing data across loci and individuals were both used as filtering criteria. First, a general threshold of loci with a maximum of 50% missing was applied. Then individuals with >30% overall missing data for the parental reference categories (defined by ADMIXTURE, below) and >50%
for the hybrid category (defined by ADMIXTURE) were removed from the dataset. For estimates of diversity and differentiation between populations, only loci with a maximum of 10% missing data were accepted. For local ancestry analyses, we retained only SNPs that were scored for all parental individuals within each hybrid zone, as required by the software.
We used ADMIXTURE 1.23 (Alexander et al. 2009 ) to group the individuals into three categories: P. alba, P. tremula, and hybrids, based on genome-wide ancestry proportions for K=2 genetic clusters as previously inferred by Lindtke et al. (2012) .
Individuals with admixture proportions of the minor ancestry <10 -5 were assigned to the parental reference categories P. tremula and P. alba, respectively, and individuals with larger admixture proportions to the P. × canescens hybrid category for further analysis.
Monomorphic loci, loci with singletons and loci with private doubletons (SNPs where the minor allele occurred in a single individual in homozygous state) were removed for this analysis. We did this before and after splitting the dataset into the three spatially separated hybrid zone localities. This allowed us to retain similar numbers of high quality SNPs in each hybrid zone, while reflecting local patterns of genomic diversity in each dataset as closely as possible.
Since the estimation of absolute divergence (Dxy, below) between species required the full sequence data including invariant (monomorphic) sites, we also used GATK 2.5.2 UnifiedGenotyper (DePristo et al. 2011) with the option EMIT_ALL_SITES to produce the complete genotypes for the sampled individuals of the two parental species. In general, we applied the same validation criteria as for local ancestry analyses in hybrids, with the difference that genotype quality scores could not be estimated for the invariant loci.
We also used our RAD-seq data to infer the ancestries of plastid DNA haplotypes in all three hybrid zone localities by aligning all RAD sequence reads against the P. trichocarpa plastid genome (Tuskan et al. 2006) following the same steps as for the nuclear genome. We then visualized each SNP with IGV (Robinson et al. 2011; Thorvaldsdóttir et al. 2013) to check for the absence of heterozygotes, the high coverage expected for plastid DNA (>250x), and the presence of a PstI restriction site in the reference genome supporting the read harboring the polymorphism. The plastid DNA haplotypes identified by RAD-seq were validated by comparison to haplotypes identified by conventional PCR-RFLP fingerprinting of subsets of the samples, following procedures used in previous studies (Lexer et al. 2005; Fussi et al. 2010 ; Supporting information).
Population genetic analyses
Inter-and intraspecific patterns of genomic diversity
Global patterns of nuclear genomic variation were assessed using Principal Component Analysis (PCA) using the program SmartPCA from the software EIGENSOFT v5.0.1 Patterson et al. 2006 ) on all SNPs that passed the filtering criteria, and before splitting the dataset into three hybrid zone localities. Gene diversity for nuclear RAD-seq data was estimated in Arlequin 3.5.1.3 (Excoffier & Lischer 2010) .
Haplotypic data for plastid DNA were analyzed in the form of median-joining networks using the program Network 4.6.1.1 (Bandelt et al. 1999) , and by plotting the inferred species origin of plastid haplotypes along nuclear admixture gradients for each hybrid zone locality.
Patterns of local genetic ancestry along hybrid chromosomes
We used the program RASPberry (Wegmann et al. 2011) (2) the population recombination rate, which governs the recombination events among haplotypes from the same population as 1000 for P. alba and 2000 for P. tremula, (3) the rate at which mutations are allowed to occur in the reference panels to 0.1 for both species, (4) the miscopying rate set to 0.01 and (5) the miscopying mutation rate set to 0.01. The miscopying rate accounts for incomplete lineage sorting in the parental populations as well as finite reference panels. We set the window size to 3 cM (based on physical and genetic mapping information from P. trichocarpa; above) to guarantee This article is protected by copyright. All rights reserved.
that long-range LD information was used in low recombination regions. Values were stored during the forward runs every second SNP to reduce the memory load.
RASPberry output was used to classify hybrids into F 1 (heterospecific ancestry throughout the genome), 'imperfect F 1 ' (heterospecific ancestry genomes with small homospecific segments representing <10% of each chromosome), backcrosses (large hetero-and homospecific ancestry segments), alba-or tremula-like (presence of small hetero-specific segments in individuals that did not pass our strict parental reference ADMIXTURE thresholds) and F n (advanced recombinant hybrids).
Genome scans for differentiation and divergence between the parental species
Regions with low proportions of fixed differences can be candidate regions for introgression of alleles from one species into another. A custom R script was used to calculate the proportions of SNPs that were differentially fixed between the two parental species in each hybrid zone locality ('fixratio' from here onwards). This simple measure of differentiation has previously been shown to be significantly correlated with F ST (Stölting et al. 2013) . We also calculated the absolute measure of divergence between species (Dxy), which is independent of levels of diversity within populations (Cruickshank & Hahn 2014) . Dxy was calculated within windows of 500kb, sliding by 250kb. A sliding window analysis (window size = 500 kb; step size = 250 kb) was used to report both fixratio and Dxy together with relative SNP density for all three hybrid zone localities.
Linkage disequilibrium (LD) as a potential indicator of recent introgression
We checked LD along all chromosomes including all candidate regions for introgression identified in genome scans for species differentiation (above), because LD can point to introgressed chromosome blocks stemming from recent gene flow (Barton & Hewitt 1985; Lexer et al. 2006; Stölting et al. 2013) . Linkage disequilibrium (D') between pairs of markers in each parental species and hybrid zone locality was calculated using the program ldmax available within the GOLD 1.1.0 software package (Abecasis & Cookson 2000) . The results were plotted with the R package LDheatmap (Shin et al. 2006) .
Using genetic ancestries to predict survivorship in hybrid seedlings
Unusual patterns of local ancestry revealed by our hybrid zone RAD-seq data (discussed below) motivated us to explore whether patterns of genetic ancestry might be related to survivorship in hybrid seedlings in a common garden trial. The trial was established at the University of Fribourg, Switzerland, in 2011, consisting of 137
seedlings from 15 open pollinated families from the Italian Ticino river hybrid zone (Caseys et al. 2015) . Seedlings were germinated in the greenhouse and were then planted in an unbalanced block design with randomization within blocks. Seedlings were allowed to grow without any interference, except for regular watering. The trial forms part of a larger, reciprocal common garden experiment to be RAD-genotyped and phenotyped for the purpose of admixture mapping at a later time. Survivorship was scored as binary data (dead / alive) after 4 years of growth.
Although no RAD-seq data is available for the common garden seedlings at this time, ancestry estimates were available to us from a previous genotyping-bysequencing (GBS) study comprising close to 12 000 SNPs (Lindtke et al. 2014) . We note that GBS (Elshire et al. 2011; Parchman et al. 2012) and RAD-seq (Baird et al. 2008; Amores et al. 2011) are closely related methods from the same family of genotyping-by-sequencing approaches, thus the two methods should yield comparable results given proper data curation and analysis; this was indeed confirmed by our data (below, Discussion). A difference between the previous GBS and the present RAD-seq study is that in the former, SNPs were not reference-mapped against a chromosomelevel genome assembly, thus they did not allow the estimation of local ancestries along hybrid chromosomes. Nevertheless, they allowed the estimation of overall ancestry proportions for individual trees. Here we used admixture proportions (q, equivalent to a hybrid index) and inter-source (=heterospecific) ancestry (Q12) previously estimated for each individual seedling using a Bayesian framework (Lindtke et al. 2014) . Because genome-wide heterozygosity will decrease with each generation of recombination (Buerkle & Lexer 2008) , reduced Q12 allows the detection of recombinant hybrids among genetically variable individuals from natural populations. The biological principles behind this approach were outlined by Milne & Abbott (2008) and Lexer et al. (2010) , among others, and the statistical approach was fully described by Lindtke et al. (2014) . Here, we tested if q or Q12 predicted juvenile survivorship in the common garden trial using mixed effect models implemented in the lme4 and MuMIn packages in R. The models implemented binomial logistic regressions of survivorship with both linear and quadratic effects of q and Q12, including the family membership of each This article is protected by copyright. All rights reserved.
seedling as a random effect. An AIC difference (delta AIC) threshold of <7 to the best supported model was employed to identify the three top-ranking models.
Results
Polymorphisms detected by RAD sequencing of poplar hybrid zones
RAD sequencing in hybrid zones of P. alba and P. tremula yielded on average 4.4 x 10 6 high-quality sequence reads per individual (Table S1 ). On average 85% of reads were successfully reference-mapped against the P. trichocarpa genome assembly, and 47% of these represented unique hits to the reference genome. 
Intra-and interspecific patterns of genomic diversity
Principal Component Analysis (Fig. 1) identified one major axis explaining 35.38% of the nuclear genomic variation revealed by the RAD-seq data. This axis clearly separated the two species from each other and from genetically intermediate hybrids.
Potentially introgressed, parental-like genotypes are visible based on their deviations from the parental extremes on the left and right ends of the graph. The eigenvalues for individuals along the first axis were strongly correlated with admixture proportions from ADMIXTURE 1. 23 (r=0.993, p=2.2x10 -16 ). The second axis (PC2) explained 3.23 % of the genomic variation and revealed the geographic structure of the studied hybrid zone localities, with three clusters corresponding to the three localities in their longitudinal order ( Fig. 1) . Populus alba (left side of graph) displayed much stronger genetic differentiation between geographically separated localities than P. tremula. The same clear geographic structure along PC2 was also visible for genetically intermediate hybrids and backcrosses, thus indicating that the two species had been locally affected by genetic interactions, i.e. hybridization and interspecific gene flow.
In line with these results, genomic diversity was greater in P. tremula than in P.
alba, and greatest in trees classified as hybrids (Table 1) , as expected from a previous microsatellite study (Lindtke et al. 2012) . Pairwise genetic differentiation (F ST ) between P. alba and P. tremula was similar across localities (average = 0.516; Table S2 ), and the same was the case for differentiation between hybrids and each parental species (average = 0.156 and 0.169 for P. alba and P. tremula, respectively; Table S2 ).
Plastid DNA haplotype diversity uncovered by RAD-seq
All high-quality, high-coverage reads that mapped to the P. trichocarpa plastid genome were found next to the expected PstI restriction site. In total, we identified seven informative plastid SNPs that were present in five unique haplotypes (Tables S1 and   S3 ). While two and three of these haplotypes were found among the pure members (with respect to their nuclear genomes) of P. alba and P. tremula, none of them was shared between the two species ( Table S1 ). The plastid DNA differentiation between the two species was broadly congruent with results from classical PCR-RFLP based fingerprinting of plastid genomes for subsets of the samples (Table S1) , as determined by checking their positions in a median-joining network (Fig. S1 ).
Based on our plastid haplotype data defined by RAD-seq, F 1 hybrids had diagnostic haplotypes from P. alba and P. tremula with a ratio of 70% to 30% (Table S1 , Fig. 2, Figs. S2 and S3 ), roughly as expected from the abundances of the two species in these localities (Lexer et al. 2005; van Loo et al. 2008; Lexer et al. 2010) . For backcrosses to P. alba this ratio was 58% to 42% (Table S1 , Fig. 2, Figs. S2 and S3 ), respectively. A P. alba plastid haplotype was also present among the very few backcrosses to P. tremula detected in our study (below) ( Table S1 , Fig. S2 ).
Local ancestry along hybrid chromosomes
We inferred the genetic ancestry along the chromosomes of all hybrid individuals (Figs   2 and 3, Figs. S2 and S3 ) and discovered four distinct and characteristic patterns: (1) In all three hybrid zone localities, the majority of hybrid individuals (85%, 56%, 74% in Italy, Austria and Hungary respectively) showed genomes that were almost completely of heterospecific ancestry, consistent with them being newly formed hybrids of the first generation (F 1 ) (Figs. 2 and 3 , Table 2 Fig. 3, Figs. S2 and S3) , with their genome composed of chromosome segments of heterospecific ancestry and all remaining segments homozygous for the same ancestry. Among these, only three were backcrosses to P. tremula, and the remaining 13 were backcrosses to P. alba (Tables 2   and 3 Tables 2 and 3) . Importantly, this individual was not distinguishable genetically from trees that were intermediate between the two parental species in our PCA analysis (Fig. 1) .
We also detected small segments homozygous for one or the other species that were spread throughout the whole spectra of samples and that appeared sporadically (Figs. 2 and 3, Figs. S2 and S3) . Their presence may indicate artefacts specific to our analytical method or sample set, or traces of older introgression events. Although present in all categories of hybrid individuals, we report them only for the F 1 category as 'imperfect F 1 ', because this category was large enough to examine differences among the three hybrid zone localities (Tables 2 and 3, Table S1 ). These unexpected segments covered less than 10% of the chromosomes in which they were found and were very small compared to the other segments. Fig. S4 ).
Genome scans for differentiation and divergence between the parental species
The proportion of fixed SNPs between the two parental species was highly variable along the 19 chromosomes and across hybrid zones. Hungary was the locality with the lowest overall proportion of fixed differences (2.9%). Austria had the highest value (7.9%), while Italy was intermediate (5.8%). We considered genome regions with zero fixratio (i.e. an absence of fixed SNPs) in only a single hybrid zone locality as plausible candidates for local introgression. In contrast, genome regions with very low or zero fixed differences across localities can plausibly be explained by older introgression events or shared ancestral polymorphism. Many examples for both spatial patterns were found in windowed analyses ( Fig. 4; Fig. S5 ). For example, regions with zero fixation exclusively in the Italian hybrid zone were found in chromosomes I, III, IV, VI, and X ( Fig. 4; Fig. S5 ), and regions with zero fixed differences across all three hybrid zones were found in chromosomes III, V, XIII, XV, XVII, and XIX ( Fig. 4; Fig. S5 ).
Globally and accounting for overlapping windows, 8.8%, 15.5%, and 25.8% of the This article is protected by copyright. All rights reserved.
genome exhibited zero fixation in Austria, Italy, and Hungary, respectively. At the level of particular localities, these percentages were 10.3%, 1.4% and 16.4% for Italy, Austria, and Hungary, respectively, and 5.2% in the case of zero fixation regions shared among all three hybrid zones. In most genome regions, absolute divergence Dxy did not exhibit noticeable fluctuations in regions with low fixratio compared to their flanking regions ( Fig. 4; Fig. S5 ).
Linkage disequilibrium
Linkage disequilibrium (LD) in the two species generally decayed within several (Fig. S6) . In contrast, LD was slightly but noticeably increased in the locality-specific low fixation region in Italy on chromosome I (Fig. 4) in one parental species, P. tremula. Here, the region of interest was distinguishable from its flanking regions in terms of LD (Fig. S7) .
Predicting survivorship in hybrid seedlings from genetic ancestries
After four years of growth, 120 of the 137 seedlings grown in the common garden trial were recorded as alive, and 17 (12.4%) as dead. The top three mixed effect models predicting survivorship included different combinations of both linear and quadratic This article is protected by copyright. All rights reserved.
effects of q (admixture proportion) and Q12 (interspecific ancestry) ( Table S4 ). The topranked model contained both linear and quadratic effects of q and the linear effect of Q12, and all three were significant (Table S5 ; p-value < 0.005). The positive quadratic effect of q indicates that mortality was highest in genetically intermediate hybrids, as also visible in Fig. 5 . The positive effect of Q12 reflects the increased survivorship of hybrids with higher Q12, including F1 hybrids with maximum Q12 (Fig. 5) . Graphical inspection further indicated a tendency of increased survivorship for individuals with high q (Fig. S8) , consistent with the preferential backcrossing towards P. alba seen in population genetic studies of these species ( (Fig. S9) , i.e. towards F 1 hybrids.
Discussion
The availability of novel tools from evolutionary genomics makes this the perfect time to realize the long-standing and often-cited prediction that hybrid zones may serve as 'natural laboratories' for studying the evolutionary process (Barton & Hewitt 1985; Hewitt 1988) , for example by tracing the origin and fate of the ancestry segments affected by selection and drift during adaptation and speciation. Here, we applied high-density SNP genotyping using RAD-seq and a suite of bioinformatic and analytical tools to three
Populus mosaic hybrid zones. The results provide a 'snapshot' of the likely biogeographic history of the genomic variation present in these ecologically divergent, hybridizing species at an unprecedented depth. They also reveal previously unknown aspects of the genomic make-up of these well-known hybrid zone localities, including fine-scale patterns of ancestry that we would not have expected based on genetic tools available years ago (Lexer et al. 2005; van Loo et al. 2008; Lindtke et al. 2012) , and glimpses of genetic interactions in the ancient history of these highly divergent species that call for further research. Combining genomic data with a common garden trial, we also tested the hypothesis that the unusual genomic make-up of these hybrid zones may be caused by selection during the juvenile life stages of these long-lived forest trees.
From genome-wide ancestry to local ancestries along the chromosomes of hybrids
Our exploratory analysis of overall genomic ancestries by PCA (Fig. 1) recovered an "all-in-one" picture of numerous biogeographic patterns predicted by earlier studies of these hybridizing tree species: (1) strong genomic differentiation between species, a preponderance of genetically intermediate hybrids, the presence of backcrosses, and signs of parental-like introgressants Lindtke et al. 2012 ) along the first (horizontal) PCA axis; (2) stronger geographic differentiation in P. alba than in P.
tremula along the second (vertical) axis, consistent with a model of geographically separate ice age refugia in southern European for the former and interconnected refugia for the latter species in central Europe (Fussi et al. 2010; Tzedakis et al. 2013) ;
(3) a "sandwich"-like arrangement of genotypes from along the entire inter-specific axis (PC1) within three layers along PC2 corresponding to the three sampled geographic localities (Italy, Hungary, and Austria), thus reinforcing the notion of localized genetic contact after the divergence of geographic lineages within each species. The unusually This article is protected by copyright. All rights reserved. divergent hybrid genotypes in Italy (blue outliers towards the top) may stem from hybridization with long-distance dispersers or with divergent genotypes from planted P.
alba in the area. While overall genomic ancestries from PCA were thus broadly consistent with expectations from earlier work, the same cannot be said about local ancestries along hybrid chromosomes.
Estimates of local ancestries along individual hybrid chromosomes indicated that many of the genetically intermediate early-generation hybrids suspected to be recombinants in previous studies Lindtke et al. 2012) were in fact Table 2) . This included 37 genetically intermediate adult trees included as 'hybrid references' in a recent GBS study of seedling families from the Italian hybrid zone (Lindtke et al. 2014 ). All 37 trees had maximum genome-wide heterospecific ('intersource') ancestries inferred from unmapped SNP data in that earlier study, and all exhibited genomic ancestries consistent with F 1 status in the present study, which effectively cross-validates these two statistical approaches. If our estimates of local ancestry in three spatially separated hybrid zones are correct, then contact zone localities of Populus alba and P. tremula may be seen as 'F 1 -dominated hybrid zones', in which later generation hybrids are rare despite apparent F 1 fertility (Milne et al. 2003; Milne & Abbott 2008; Lindtke et al. 2014) . Nevertheless, the localities studied here do not fit well with the expectation that F 1 -dominated hybrid zones should form preferentially in undisturbed settings (Milne et al. 2003) , since riverine flood plain forests are characterized by strong natural disturbance regimes (Karrenberg et al. 2002) . So
other causes must be responsible for the preponderance of F 1 hybrids in these tree hybrid zones, and we shall re-visit these below.
Traces of recombination in F 1 -dominated hybrid zones inferred from homospecific ancestry segments of different lengths
Our analysis of local ancestry also revealed the presence of early-generation backcrosses (mainly to P. alba), characterized by large homo-and heterospecific ancestry segments (Table 3) . Backcrosses made up between 8% and 37% of hybrids in each locality ( Fig. 2; Figs. S2 and S3; Table 2 ), which is likely too high to prevent the introgression and spread of neutral or advantageous genetic variants in the long term (Slatkin 1976; Barton 2001; Roux et al. 2013) . This is consistent with results from previous genomic cline-based studies of fewer markers ) and qualitative patterns seen along the first (horizontal) genomic PCA axis in our present RAD-seq study (Fig. 1) . Further, the genomes of many of our inferred F 1 were interrupted by small segments of homospecific ancestry (Tables 2 and 3; Fig. S4 ).
These 'imperfect F 1 ' may point to methodological limitations of our analysis, e.g. finescale departures from synteny with our reference genome, or limits to the precise estimation of parental haplotype frequencies with our reference samples. Nevertheless, it seems unlikely that all of these homospecific ancestry segments are fully explained by statistical artefacts alone. Their small sizes (Table 3 ; see Results) may also point to admixture in the more distant past. Given the high recombination rates in poplar (5 cM/MB, five times higher than in humans; Tuskan et al. 2006) and assuming that the size of ancestry segments follows an exponential distribution (Price et al. 2009) 
, small
homospecific segments such as those seen in 'imperfect F1' (on average 0.5 megabases; Table 3 ) may have arisen within as few as 10 generations (i.e. 200 years assuming a generation time of 20 years).Thus, detecting older admixture pulses (e.g.
those pre-dating the last glaciation) from local ancestry patterns would benefit from the much greater marker densities afforded by whole genome resequencing. Within the present RAD-seq study, more direct indications for ancient gene flow were gleaned by analyzing genomic patterns of differentiation between the parental species.
Genomic and spatial patterns of species differentiation: footprints of past gene flow episodes
Whereas many speciation genomic studies have focused on especially divergent genome regions, i.e. the so-called genomic 'islands' or 'continents' of speciation (Nosil et al. 2009; Feder et al. 2012) , highly divergent taxa at a late stage of speciation such as ours offer the opportunity to do just the opposite: to search for low-differentiation genomic 'hotspots' of introgression across strong and genomically wide-spread species barriers (Stölting et al. 2013; Roux et al. 2013) . This is equivalent to detecting 'pores' in the genome through which genetic variants may pass (Wu 2001) , thus contributing genetic variation to the recipient gene pools and potentially affecting the fate of speciating pairs or groups of taxa (Gavrilets & Vose 2005; Abbott et al. 2013) . In the absence of multiple taxa allowing polarized comparisons (e.g. four-taxon ABBA / BABA tests for introgression; The Heliconius Genome Consortium 2012), insights into the potential causes of unusually strong allele sharing in low-differentiation 'hotspots' may This article is protected by copyright. All rights reserved.
be gleaned by analyzing genomic variation in a spatial, biogeographic context (Muir & Schlötterer 2005) , a genomic-map based context (Stölting et al. 2013) , or both.
Our RAD-based scan for genome regions with particularly low proportions of fixed SNPs revealed low-differentiation 'hotspots' that were highly localized in the genome ( Fig. 4; Fig. S5) . A previous study has confirmed the statistical significance of this phenomenon using computationally intensive genome-wide autocorrelation analysis in one of these hybrid zone localities (Stölting et al. 2013) . Many of these lowdifferentiation genome regions were shared between our three spatially separated hybrid zone localities, thus pointing to shared ancestral variation, shared selection pressures, or ancient introgression events, pre-dating geographic divergence of populations in each species (e.g. chromosome III, Fig. 4) . Some low-differentiation regions, on the other hand, were found in only one or two localities, consistent with more recent introgression after geographic divergence of populations (e.g. chromosome I, Fig. 4 ). Although these patterns are suggestive of past gene flow, we must note that we can currently not rule out shared ancestral polymorphism and drift as potential causes for spatially uniform and variable patterns of differentiation. Linkage disequilibrium (LD) (Fig. S7) was of limited help in defining regions stemming from recently introgressed haplotypes in our data, presumably due to the known, rapid decay of LD in aspens (Ingvarsson 2008 ) and the relatively low marker densities afforded by RAD-seq. Nevertheless, our example genome region for recent, geographically localized introgression on chromosome I (Fig. 4) did exhibit increased LD in one of the two species (Fig. S7) , consistent with recent introgression.
Selection against recombinants in a common garden trial
A particular life history characteristic of trees is their long juvenile period with very high rates of juvenile mortality, which implies very strong selection at early life stages (Petit & Hampe 2006; Larcombe et al. 2015) . Based on a comparison of genomic ancestries in 1 st year seedlings and mature trees from the same hybrid zone locality of P. alba and P.
tremula, Lindtke et al. (2014) hypothesized the presence of strong postzygotic selection against recombinant hybrid genotypes (F n and backcrosses) acting between the very early seedling stage and maturity. Indeed, a broad range of recombinant genotypes was present among 1 st year seedlings, whereas mainly genetically intermediate hybrids with
high heterospecific ancestry (confirmed to indicate F 1 hybrid status above) and parentallike genotypes were found in mature trees (Lindtke et al. 2014) . Since the seedlings studied by Lindtke et al. (2014) were planted in a common garden trial (Caseys et al. 2015) , we had the opportunity to test whether selection at the early juvenile stage (the first four years) may indeed contribute to the dominance of such F 1 -like genotypes among mature trees in hybrid zones ( Fig. 2; Figs S2 and S3 ).
Together, admixture proportions (q) and interspecific ancestry (Q12), the proportion of the genome with ancestry in different source species (Lindtke et al. 2014) , were able to explain 4 th year survivorship in our common garden trial. In effect, selection was primarily against genetically intermediate hybrids (intermediate q) with lower-thanmaximum Q12 (Fig. 5) , i.e. recombinant hybrids (Buerkle & Lexer 2008; Milne et al. 2008; Lindtke et al. 2014) . Thus, genomic patterns of survival and mortality in our common garden trial (Fig. 5) suggest that selection against recombinant hybrids This article is protected by copyright. All rights reserved.
contributes to the high proportion of F 1 hybrids and strong RI seen in poplar hybrid zones ( Fig.2; Figs S2 and S3) . The increased survivorship of individuals with high Q12
(F 1 hybrids) and high q (including P. alba-like backcrosses) (Figs. S8 and S9 ) also indicates a potential for the occasional, partial breakdown of RI due to heterosis and subsequent introgression towards P. alba. We note the caveat that hybrid survivorship was assayed in only one environment using germplasm from a single hybrid zone locality. Testing more localities and environments may yield a more nuanced picture of hybrid survivorship and fitness, and these experiments should ideally be carried out by comparing larger cohorts of experimental F 1 and recombinant hybrids.
Genomics of incomplete barriers to gene flow in secondary contact
Our results point to a 'paradox' (Roux et al. 2013; Stölting et al. 2013 ) that we expect will be encountered fairly often in highly divergent, hybridizing taxa once studied with genomic tools: even strong and seemingly 'genome-wide' barriers to gene flow, such as those suggested by our local ancestry analysis of European poplar hybrid zones (above), are unlikely to prevent introgression in the long-term ( Fig. 4; Fig. S5 ). Although long expected from population genetic theory (Slatkin 1976; Barton 2001) , this contrast is not always immediately intuitive to empirical students and researchers in ecology and biogeography. Results such as these raise the question regarding the build-up and maintenance of genomically wide-spread RI in the face of recurrent gene flow in broad zones of sympatry, especially when secondary contact is established repeatedly following the onset of speciation.
In cases with apparent selection against recombinant hybrids as seen here (Fig.   5 ), wide-spread epistatic gene interactions are a highly plausible hypothesis for the maintenance of RI (Gavrilets et al. 2003; Coyne & Orr 2004) . These can take the form of classical Dobzhansky-Muller incompatibilities (DMI's; reviewed by Gavrilets et al. 2003) , or of intra-genomic coadaptation of loci within genetic or biochemical pathways (Johnson & Porter 2000; Edmands & Timmerman 2003) . In fact, genetic evidence supporting the presence of epistasis in these poplar hybrid zones was put forward previously , and simulation studies suggest that genotypic patterns in these poplar hybrids are compatible with the intra-genomic coadaptation model of RI (Lindtke & Buerkle 2015; Dorothea Lindtke, personal communication) . This agrees well with the observation that F 1 hybrids of these species are at least partially fit and fertile (Macaya-Sanz et al. 2011; Lindtke et al. 2014) , and with their preponderance in nature (this study; Fig. 2 ). Both observations would not necessarily be expected for classical DMI's (Barton & Bengtsson 1986; Gavrilets 1997) . Available metabolomic data also point to coadaptation within genetic pathways. The flavonoid pathway (Rausher et al. 1999) appears to be a case in point, since its metabolites exhibit strong genetic control in poplars, many quantitative trait loci (QTL) for flavonoid abundances are segregating in hybrids between P. alba and P. tremula, and their allelic composition has apparently been shaped by heterosis (Caseys et al. 2015) . Heterosis is also supported by the increased survivorship of seedlings with high intersource ancestry (Q12) in our common garden trial ( Fig. 5; Fig. S8 ), in addition to the clear preponderance of F 1 hybrids in nature ( Fig. 2; Figs. S2 and S3) . It is possible that slightly deleterious alleles segregating in these species trigger heterosis in F 1 's (Bierne et al. 2002; Harris & Nielsen 2015) . This hypothesis is currently awaiting rigorous tests based on patterns of DNA sequence evolution in protein-coding genome regions of these species.
Many different mechanisms may cause the origin and maintenance of RI in the face of gene flow (Coyne & Orr 2004; Baack et al. 2015) , and genomic studies of hybridizing species offer superb opportunities to address these. Mutation load in the donor species may predict selection against introgressed genome segments in the recipient species with or without epistasis (Harris & Nielsen 2015) . Cyto-nuclear interactions may contribute to genomic isolation, although this seems less likely in these three hybrid zone localities, where cytoplasms of each species appear to combine freely with different nuclear genomes in hybrids (Results), with haplotype frequencies roughly matching the species' abundances in floodplain forests (Lexer et al. 2005; van Loo et al. 2008) . In addition to post-zygotic mechanisms, pre-mating (e.g. phenology) and early post-mating barriers (e.g. pollen-stigma interactions and pollen competition) may also contribute to RI in plants (Baack et al. 2015) including poplars (Rajora 1989; Hall et al. 2007; Lindtke et al. 2014) . Thus, selection against hybrids, as inferred here, may in principle also 'reinforce' existing pre-zygotic barriers stemming from sexual selection among gametes (Rajora 1989) or differences in phenology. Genomic studies of hybridizing species allow explicit tests of these hypotheses, especially if genomic patterns of ancestry and differentiation are examined for populations with different geographic distances to contact zones. In summary, selection against recombinant hybrids appears to maintain RI during secondary contact of ecologically divergent, hybridizing Eurasian poplar species, leading to F 1 -dominated hybrid zones, but the precise genetic and molecular mechanisms responsible remain to be identified.
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Figure S1
Median joining network for plastid DNA haplotypes visualised by the PCR-RFLP method.Haplotype names are congruent with the terminology used by Fussi et al. (2010) . New haplotypes (newly found in the PCR-RFLP validation dataset) are labeled with an asterisk. Missing haplotypes are represented as black dots along lines connecting haplotypes. Pie sizes are proportional to haplotype frequencies. Haplotypes are colored according to their population origin: P. alba Italy, dark blue; P. alba Hungary, light blue; P. tremula Italy, dark green; P. tremula Hungary, light green; P. x canescens hybrids Italy, dark purple; P. x canescens hybrids Hungary, light purple. Figure S2 (A) Local genetic ancestry along the 19 chromosomes of hybrids in the Italian hybrid zone, representing homozygous segments for P. alba (blue), homozygous segments for P. tremula (orange), heterospecific ancestry segments (green) and undefined segments (white). (B) Genomic admixture proportions and species origin of plastid DNA for each individual (P. alba, blue; P. tremula, orange; no data, white). Figure S3 (A) Local genetic ancestry along the 19 chromosomes of hybrids in the Hungarian hybrid zone, representing homozygous segments for P. alba (blue), homozygous segments for P. tremula (orange), heterospecific ancestry segments (green) and undefined segments (white). (B) Genomic admixture proportions and species origin of plastid DNA for each individual (P. alba, blue; P. tremula, orange; no data, white).
Figure S4
Sizes of genomic segments (x-axis) found in backcrosses to P. alba (BCA, blue), backcrosses to P. tremula (BCT, orange), a single advanced recombinant hybrid (F n , green), and 'imperfect F 1 ' hybrids (gray), plotted against the percentage they cover on each chromosome (y-axis). Segment sizes and percentages were extracted from RASPberry ancestry results. Lindtke et al. (2012) for the expected biologically relevant parameter space of Q12 and related measures of interspecific heterozygosity.
